Molecular dynamics simulations were carried out using numerous force potentials to investigate the shock induced phenomenon of pure bulk liquid water. Partial phase transition was observed at single shock velocity of 4.0 km/s without requirement of any external nucleators. Change in thermodynamic variables along with radial distribution function plots and spectral analysis revealed for the first time in the literature, within the context of molecular dynamic simulations, the thermodynamic pathway leading to formation of ice VII from liquid water on shock loading. The study also revealed information for the first time in the literature about the statistical time-frame after passage of shock in which ice VII formation can be observed and variations in degree of crystallinity of the sample over the entire simulation time of 100 ns. C 2016 AIP Publishing LLC. [http://dx.
I. INTRODUCTION
The behaviour of water under extreme pressure and temperature is of profound importance to planetary science, 1 geochemistry, 2 and fundamental chemistry. [3] [4] [5] [6] Apart from diamond anvil cell experiments, 7,8 strong shock-waves 6, 9, 10 (using two stage light gas gun or high intensity laser) are able to simulate situations of extreme conditions of pressure and temperature in a medium. Shock-wave effects on bulk liquid water are typically studied within the context of generation of planetary magnetic fields in icy giants such as Neptune and Uranus, presence of high-pressure ice polymorphs in the interior of Galilean satellites such as Ganymed, Europa, and Callisto and Saturn's Titan due to cataclysmic events, describing effects of high intensity and/or near field explosion in water, explaining different petrological process in the lower crust and upper mantle regions of the earth apart from fundamental studies in chemistry. Even though there exists numerous shock compression experiments on bulk water, [11] [12] [13] [14] [15] [16] [17] there appears to be a lacuna in fundamental understanding of the thermodynamic pathway during the process of phase transition of shocked liquid water to ice VII.
Some previous shock experiments on water [11] [12] [13] [14] [15] comment on the phase of the water based on final temperature and pressure data. It should be noted that pressure and molar volume determination in those experiments were done using Rankine-Hugoniot relations whereas temperature was estimated from theoretical equations of state. It is quite well known that no single theoretical equation of state is able to predict a wide range of temperatures. 18 Typically the recent experiments deduce phase change based on changes in refractive index of the sample. 16, 17, 19 One of the main controversial questions for these experiments (refer the literature Ref. 19 ) on shock induced phase transformation of water is the purity of the sample and the presence of trace impurities which may act as nucleators/inhibitors for phase transition. It has been pointed out that no purification technique can completely remove all bulk contamination. 20 Another controversial issue in these a) Electronic mail: anupamneogi@atdc.iitkgp.ernet.in b) Electronic mail: nilanjan@civil.iitkgp.ernet.in sets of experiments 16, 17 is presence of external nucleators such as quartz plate which may facilitate phase transition. The manuscript strives to answer many unanswered questions and controversial remarks through molecular dynamic (MD) investigations (as suggested in the literature Ref. 19 ). The questions that would be answered as part of this investigation are as follows.
• What is the approximate statistical time-frame after the passage of shock in which nucleation of ice VII formation can be observed in pure bulk liquid water at ambient conditions? • Is there a complete or partial nucleation of ice VII in a single shocked bulk liquid water initially at ambient temperature and pressure? • What is the percentage of crystallinity of the nucleated ice VII? Does the percentage of crystallinity of the shock induced water sample evolve along with time? • Is this process of phase transition of pure bulk liquid water to ice VII possible at any shock speeds?
It should be noted that there exists MD studies which demonstrate formation of ice VII from liquid water at an elevated pressure 21 without consideration of shock wave effects (which includes both elevated pressure and temperature) which is the main highlight of this manuscript. Apart from explanation of the physics involved in the thermodynamic trajectory of shocked liquid water to ice VII through MD simulations; it is expected that the study presented in this manuscript would benefit future experimental investigations to be carried out in this domain as well as answer several fundamental questions in astrophysics, geophysics and planetary science.
Ab initio MD studies are also present in the existing literature Refs. 22 and 23 which explores the ionization of water when subjected to shock velocities of 5 km/s and above. The electrical conductivity of shock compressed water was observed to increase until it reaches a plateau of 30 GPa; 24 the authors contribute the plateau region formation to ionization of water. Similar conclusions were also put forward by Hamann 25 in which the author predicted ionization at 15-20 GPa pressure at 1000 • C temperature. Thereby taking into consideration the conclusions of these previous studies, this manuscript has been restricted to shock velocities which does not result in pressures above 12 GPa. It is thereby assumed that structural reorientation of the molecule will preclude ionization under 12 GPa pressures. It is quite well known that conventional MD simulations are not appropriate for study of ionization events, one should consider DFT simulations or use MD with polarizable/reactive potentials beyond 5 km/s shock velocities in water where ionization of water has been reported by previous researchers. 22 Using reactive ReaxFF potential based non-equilibrium MD simulation 26 researchers have reported ice VII phase transition motif at a pico-second time scale when liquid water was subjected to shock loading and suggested that proper ice VII formation may be observed in the nano-second range of simulation at shock velocity of 3.625 km/s (particle velocity of 1.5 km/s). In this manuscript, the details of the physics involved in the process of phase transition at a nano-second time scale along with study of the radial distribution function, dynamics of hydrogen bond network, static structure factor of the obtained ice VII, amount of crystallinity in terms of intensity of the Bragg reflection, vibrational spectra of O-H bond are presented when bulk liquid water is subjected to shock compression. Observations of the time-evolution upto 100 ns are made to identify formation of metastable states (if any) and structural reorientation during this thermodynamic pathway.
II. SIMULATION METHODOLOGY
It is well known that results obtained from MD simulations depends upon the force potential used. Till date many different models have been proposed for MD study of water, e.g., rigid fixed-point charge model such as SPC, 27 TIP3P, 28 TIP4P, 29 TIP5P, 30 TIP4P/2005, 31 SPC/E; 32 polarizable/reactive models such as ReaxFF, 33 SPC-FQ, 34 SPC/P, 35 TIP4P/P; 35 and flexible fixed-point charge models such as TIP4P/2005f, 36 RWK2, 37 SPC-mTR, 38 TIP3P-mTR, 38 SPC-TR, 39 and modified SPC/E by Zhang et al. 40 Obviously the list is not exhaustive and many models have been missed; however, it should be noted that the objective of this manuscript is to demonstrate the thermodynamic pathway from bulk liquid water to ice VII on shock loading by choosing a proper model of water which can be used in both ambient and high temperature and pressure regions (as observed in shock simulation study). Since we are interested in the real dynamics of the event, rigid fixed-point models can be eliminated. 41 Moreover it has also been reported that ionization occurs at very high shock speeds (at and above 5 km/s shock speeds); 22 thereby consideration of polarizable/reactive models can also be eliminated from the list of suitable models for this study. Thereby we are left with more commonly utilized flexible variations of the SPC and TIP4P models. Hydrostatic compression of liquid water to ice VII has been reported 21 using TIP4P flexible potential in which at ambient temperature the pressure was increased to achieve phase transition. The applicability of rigid TIP4P potential has been extended to that of 2500 K temperature and 35 GPa pressure by Brodholt et al. 42 Since the difference between flexible and rigid versions of TIP4P potential is primarily based on addition of anharmonic potential to represent flexibility of the OH bond stretching and harmonic potential to represent flexibility of HOH angle bending, 36 it is quite expected that flexible version of TIP4P can also be utilized for high temperature and pressure as that observed in shock studies. Thereby flexible TIP4P/2005 model has been chosen as one of the models for this simulation study. 36 Even though TIP4P type models have been used for representation of water in many literatures, SPC type models have also been used extensively. Thereby when demonstrating new physics of water subjected to shock loads it is absolutely essential to highlight if similar type of behaviors are obtained by using different types of potentials. Thereby a recent SPC type of model 40 (being referred to as SPC/E/z) demonstrating excellent correlation with experimental investigations (not only at ambient temperature and pressure conditions but also at high temperature and pressure conditions) [refer Table 3 in the literature Ref. 40 ] was also chosen for this study. In addition to the two flexible models considered in this manuscript, behavioral observations were also done using the rigid versions of TIP4P/2005 and SPC/E models and similar behavior was obtained. The results of these rigid models are only presented in Figs. 1 and 2.
In this regard, the main differences between SPC and TIP4P type of models have been elaborated in Table I . Typically the HOH bond angle is equal to the ideal tetrahedral angle of 109.47 • in SPC type models which is not the case for TIP4P type models. In TIP4P type of models, the charge of the O atom (q O ) is placed along the HOH bisector at a specified distance from the O atom position (referred to as d O M ). As can be observed from the Table I , the charge of the H atom (q H ) is located either on the H atom position (being represented as r 0 = 1) as in SPC/E or at certain specified distance along the OH bond (being measured from the O atom position). The interatomic potentials for both the SPC and TIP4P type models shown in here are based on the 12-6 LJ potential, where ϵ determines the depth of the potential well and σ the finite distance at which the inter-particle potential is zero. An interesting feature of the SPC/E/z model is consideration of finite depth of the potential well and finite distance at which the inter-particle potential is zero for H atom in comparison to other models (presented in Table I ). Apart from that, distance at which the inter-particle potential is zero for O atom is also reduced in SPC/E/z in comparison FIG. 1. Shock velocity-particle velocity (U S − u p ) Hugoniot plots of water for different shock intensities. to other models. It should also be noted from the table that out of 5 forcefield model parameters presented, only SPC/E/z and TIP4P/2005f represent flexible models whereas others represent rigid models. Thereby in addition to the forcefield parameters presented in the table, these two models also has function definitions to represent flexibility of OH bond stretching and HOH bond angle vibration. TIP4P/2005f uses an anharmonic Morse type function for representing OH bond stretching flexibility and harmonic function for the HOH bond and vibration flexibility; 36 whereas the SPC/E/z model uses harmonic functions for representing both OH bond stretching and HOH bond angle vibration flexibilities. 40 Apart from this, since the value of water dielectric constant decreases quickly as temperature increases and increases little as pressure increases, 43 44 on Nose-Hoover style non-Hamiltonian equation of motion (EOM), sampled by isotropic isothermal-isobaric (NPT) ensemble with time step of 0.25 fs until it reaches the desired ambient temperature and pressure. After the NPT equilibration run for several hundred picoseconds, the initially chosen sample attains a density of 0.998 gm/cc while the dimension of the sample changed to 41.9006 Å × 20.0125 Å × 20.0125 Å at ambient temperature and pressure. Note a multiple of 8 was chosen for simulation purpose since it is being commensurate with the unit cell of ice VII which is composed of two interpenetrating cubic lattices. Approximately 120 simulations (with different initial structure and different force potentials for water) were carried out to determine statistically significant values of shock-induced nucleation time of ice VII from bulk liquid water at shock velocity of 4 km/s. From equilibration to the production run, periodic boundary conditions are utilized in three orthogonal directions. The L-J interactions are truncated at 10 Å. For the long-range columbic electrostatics interactions, particle-particle particle-mesh (PPPM) 45 solver (which maps atomic point charges to a 3d grid and computes electrostatic energy with sufficient accuracy) is used. The equilibrated bulk "pure" water sample is subjected to a series of shock velocities ranging from 2.5-5 km/s (where the maximum pressure is limited within 12 GPa) upto 100 ns time scale. A simulation methodology based on the Navier-Stokes equations for compressible flow which is able to simulate shock wave for small system sizes but for long time, MSST 46 implemented under LAMMPS 47 framework is utilized for this shock simulation study. Instead of simulating a shock wave within a large computational cell with many atoms, 48 the MSST computational cell follows a Lagrangian point through the shock wave which is accomplished by time evolving equations of motion for the atoms as well as volume of the computational cell to constrain the stress in the propagation direction to the Rayleigh line and the energy of the system to the Hugoniot energy condition. For a given shock speed, these two relations describe a steady planar shock wave within continuum theory. Incorporation of these constraints results in additional terms to the Lagrangian for an MSST methodology-one of which is the mass-like parameter Q which controls the degree of coupling between the atomic and volume degrees of freedom or the rate of decay of volume oscillations (for further details one is referred to the manuscript of MSST methodology 46 ). For shock velocities of 2.5-4.0 km/s, the Q parameter has been estimated as 30; for 4.5-5.0 km/s the value has been estimated as 35. On the other hand, the "tscale" value, i.e., the value which determines the amount of thermal kinetic energy converted to compressive strain at the beginning of the simulation has been estimated as 0.02 for the shock velocity of 2.5-5.0 km/s. During the long time scale integration process of 100 ns, it was ensured that no significant drift was observed in the energy values at any time instant with the chosen values of Q and "tscale" for a specific shock speed. It should be noted here that any choice of "tscale" and Q values typically does not affect the obtained results from simulation since the choice of higher or lower values of these parameters yields a slower or faster freezing in pico-second time scale, whereas the observations of phase transition obtained from simulations in this study (as shown later) are in nano-second time scale. During shock simulations, standard Verlet-velocity integration scheme was chosen with time step of 0.25 fs for shock intensities (U S = 2.5-4.5 km/s) and 0.1 fs for stronger intensities (U S = 5.0 km/s). Computational cell size for simulation was so chosen such that stress, density, and energy density do not vary appreciably along the length of the computational domain (as requirement for MSST in which the stress and energy of a molecular dynamic simulation are constrained to obey the momentum and energy Hugoniot relations such that the simulation proceeds through the same thermodynamic states as would occur in a steady shock 46 ) as well as not too small such that boundary effects plays a role in the simulation. It should be noted in this regard that similar simulations were performed with 250 and 432 water molecules and same trend of results was obtained as observed for simulations presented in this manuscript with 560 water molecules.
III. RESULTS AND DISCUSSIONS

A. Hugoniot plots
In a MSST simulation, the Hamiltonian for the molecular dynamic simulation is modified to include degree of freedom associated with changes in volume. 46 Within few femto-second time scale there occurs an irreversible flow of energy from the volume degrees of freedom to the atomic degrees of freedom resulting in development of an shock equilibrium state. Hugoniot plots in different planes are obtained after sample achieves a shock equilibrium state. The shock-particle velocity plot obtained from simulation shows good correlation with experimental investigations (refer Fig. 1) 11, 15, 49, 50 thereby endorsing the validity of the simulation protocol.
Differences are observed between the simulated results and experimental investigations for plots in other Hugoniot planes (mean stress-temperature and density-mean stress) (refer Fig. 2 ). In fact a lot of scatter can also be observed within the experimental investigation results carried out by different groups 11, 12, 15, 49, 50 and the simulated results are observed to be within the scatter. This scatter in experimental investigations with regards to temperature is primarily due to extremely large uncertainties of the pyrometric measurements or use of theoretical equation of state.
The density plots (refer Fig. 2 (b) obtained from SPC/E/z model 40 matches closely with those of the experimental values by Rice and Walsh. 11 Whereas density plots obtained from TIP4P/2005 rigid, flexible, and SPC/E rigid matches with another sets of experiments. 49, 50 Given the experimental variations between different sets of data, the densities evaluated by different potentials used in this study give a good correlation with experimental observations. A comparison of the densities between different force potentials used in this study reveals that SPC/E/z gives the highest densities. It should be noted that the oxygen σ parameter for the SPC/E/z model is a bit lower than those from the others, indicating a less hard or repulsive oxygen-oxygen potential. Since O atoms are the heavier atoms and they can possibly come nearer to each other than other atoms in compression, the density predicted by the SPC/E/z model provides the highest values of densities obtained. Results of DFT simulations 22 give the lowest values of density for the models used in this study.
Temperature plots (refer Fig. 2(a) ) obtained using SPC/E/z model 40 matches closely with experimental results by Cowperthwaite and Shaw 12 whereas the TIP4P/2005f model matches temperature observations by Rybakov. 15 Since temperature in these experiments is calculated using equation of states, comments cannot be made with regards to quantitative validation of temperatures obtained from simulation and that of the experiments. It should also be pointed out that variations can also be observed in the experimental phase diagrams of water at the junction of liquid water and ice VII [refer Fig. 4 in Lin et al. 51 ]. Apart from that, differences can also be observed in phase diagrams between experiment and computer simulations [refer Fig. 1 It should also be mentioned in here that SPC/E/z model specifies lowering the dielectric properties of water above 675 K and ambient pressure; the simulations that have been performed in this manuscript do not approach that specified temperature and the states are also at much higher pressures (it is known that increasing pressure increases the dielectric properties of water). Thereby no change in atomic charges has been done during the course of the simulation for the simulations containing SPC/E/z model for water. It should be reminded that the major aim of this manuscript is to demonstrate the thermodynamic pathway of phase transition within a MD framework without loss of essential generality of the physics involved in the process. The samples corresponding to 4 km/s shock speed (in which phase change was demonstrated later in the manuscript) are also marked in Fig. 2 by an arrow. Highest values of temperature were observed using the SPC/E/z model whereas the TIP4P/2005f model gives the lowest values of temperature. Only one point from DFT simulations 22 was available within the range of pressure-temperature selected for this study and it provides significant differences from the experimental observations as well as MD simulations which may be because of quantum nuclear vibrational effects 23, 53 (which are due to presence of covalent bonds in water). MD simulations (applicable only for reactive force fields) also underestimate degree of ionization in comparison to that of DFT simulations. It has been reported (refer Fig. 6 in the literature Ref. 22 ) that degree of ionization is small for shock velocities of 5 km/s (resulting in pressure of 8 GPa) which somewhat justifies the use of MD simulations in this manuscript for shock velocities below 5 km/s. However, in order to answer the question as to whether ionization precedes or happens at the same time as that of phase transition, one needs to do a full DFT study which is beyond the scope of this manuscript. It should be reminded to the reader that the main objective is to find evidence of phase transition of water under shock compression and also to validate claims of experimental observance of phase transition of water under shock loading. 19 Determination of exact temperatures using quantum nuclear vibrational corrections would have been good for drawing proper phase diagram of water using classical force fields but it should be reminded to the reader that it is also outside the scope of work of this manuscript. 
B. Discontinuities in thermodynamic variables
As evident from the Fig. 3 , discontinuities in thermodynamic parameters are observed for shock velocities of 4 km/s which are not observed for other shock velocities (within 2.5-5 km/s range); suggesting possibilities of phase transition of the bulk liquid water (similar studies exist in cooling of liquid water to ice Ih 54 ). These results correspond to the SPC/E/z potential for water. 40 The increase in density from 1.60 to 1.66 gm/cc for 4 km/s shock speed indicates attainment of an energetically favourable configuration of 8 nearest neighbours (a phenomenon which has been described in details with radial distribution function plots and spectral analysis later in the manuscript). It should be noted that results presented here are for one simulation in which the nucleation was observed to start at 1.4 ns; however, similar behavior is observed for almost all the 120 simulations carried out as part of this work at 4 km/s shock velocity. In this context, it should also be mentioned that no such sharp discontinuities in thermodynamic variables could be observed when using other potentials for water such as TIP4P/2005f, even though the timeframe of nucleation of phase change could be observed from changes in the radial distribution functions (as discussed later in the manuscript).
Out of the 60 simulations carried out as part of this work using the SPC/E/z potential at a shock velocity of 4 km/s, 5 samples did not demonstrate nucleation to solid phase. The mean obtained from rest of the samples gave a nucleation time of 1.52 ns with a 95% confidence interval of 1.15-1.87 ns. Since the thermodynamic variables are related to each other, an increase in density will obviously indicate an increase in temperature. The rate of increase in density over time is observed as approximately 0.07 (gm/cc)/ns for 4 km/s shock speed. This observed rate of nucleation in the process of shock induced phase transition of water is significantly fast in comparison to isothermal freezing of water to ice Ih (refer Fig. 1 in Ref. 54) . Similarly 60 more simulations at 4 km/s were carried out using TIP4P/2005f water molecules and the nucleation time was measured as 1.96 ns with a 95% confidence interval of 1.32-2.01 ns. Thereby based on above simulations, it can be stated with certainty that at 4 km/s shock speed nucleation can be observed approximately around 1.5-2 ns time scale after passage of shock. The pressures measured at this shock speed are 6.25 GPa and 5.09 GPa, respectively, using SPC/E/z and TIP4P/2005f force potential for water; whereas the temperature measurements are 556.25 K and 443.46 K for SPC/E/z and TIP4P/2005f, respectively. In fact these simulation observation matches closely to that of observations by Dolan et al., 19 who prescribed ice VII transition at around 6.5 GPa pressure. However it should also be mentioned that there exists differences between Dolan's experimental work 19 and this work since Dolan achieved ice VII transition at around 4 ns by double shock technique whereas single shock technique has been utilized here. The reason for this difference might be pure water used for simulation may not be entirely pure as pointed out by Dolan in conclusion. 19 The requirement for double shock instead of single shock may also be due to typical lower experimental rise time of shock pressure in comparison to computationally simulated rise times. 55 Experimental shock pressure rise times similar to computational rise times can be achieved if one uses laser ablation technique instead of shock gun technique; 55 and in fact for water, shock wave generated by laser ablation did result in phase transition. 56 Although the atomistic study reveals that shock induced phase transition is possible without the use of an external nucleator (similar observations being made in the previous literature Ref. 19 ); yet, the presence of an external nucleator may also influence the phase transition in shocked liquid water (as reported in the literature Ref. 17 ).
For details regarding stages of nucleation of phase transition at 4 km/s, one is refereed to the set of snapshots in Fig. 4 which shows temporal evolution of oxygen atom patterns (with blue one indicating bcc lattice structure and white indicating disordered pattern of bulk liquid water as observed from adaptive common neighbor analysis (CNA) 57 ). Prior to the nucleation of phase transition, the hydrogen bond network in liquid water primarily contains five-, six-, and seven-membered rings composed of water molecules. Although individual rings are destroyed and reformed continuously, the overall fraction of water molecules contained in different ring types remains almost unchanged. After the nucleation of phase transition has occurred, a stable "stacked honeycomb structure" is established which indicates phase transition of liquid water to that of a solid phase.
Typically fixed cutoff based common neighbor filtering method is an efficient and convenient technique to determine the crystal structure in atomistic simulation, such as MD study. But the sensitivity of structure recognition through this filtering method might be hampered due to the perturbations to the particle positions at high temperature and/or large deformation situation (particularly, if the resulting structure leads to coexistence of multiphase) because of the difficulty of choosing accurate cutoff distance for neighbor based filtering. In case of multiphase system to assign a local crystal structure to an atom, three characteristic numbers are computed for each N FIG. 4 . Atomic configuration of oxygen sites at different time instances for the shock velocity of 4 km/s. neighbor bonds of the central atom. Those characteristic numbers are (i) the number of neighbor atoms, the central atom and its bonded neighbor have in common, ncn, (ii) total number of bonds between these common neighbors, nb and (iii) the number of bonds in the longest chain of bonds connecting the common neighbors, n1cb. Then the computed N triplets (ncn, nb, n1cb) will be compared with a set of reference signatures to assign local crystal structure. These modifications over the neighbor based filtering method (CNA analyses) are being referred as adaptive CNA method. 57 Even though adaptive CNA technique based on nearest neighbour algorithms performs better than standard CNA analysis, but typically it gives a preliminary estimate of the nearest neighbours and thereby this method should not be used for conclusive proof of phase change in materials. Thereby, a detailed identification of the solid phase obtained as a result of shock induced phase transition of liquid water is presented next in the manuscript through radial distribution function plots, spectral investigations, static structure factor, and Bragg reflection intensity.
C. Radial distribution functions
To obtain structural information of the observed solid phase during shock induced transformation, radial distribution function (RDF) was calculated. Discussion is presented in this section on the short range ordering or local molecular packing by using the radial distribution function plots which provides the probability of finding a particle a particular distance away from another particle. Fig. 5(b) shows RDF of oxygen-oxygen (at different time instances averaged over 100 ps) as obtained from this study (using SPC/E/z potential for water) compared against the perfect ice VII crystal modelled with this same force-field 40 at a temperature of 300 K and pressure of 10 GPa and also bulk liquid water at 300 K and 1 atm pressure (shown as 0 ns in Fig. 5(b) ). Since the temperature and pressure of shocked water (obtained in this study corresponding to the shock velocity of 4.0 km/s is 556.25 K, 6.25 GPa) significantly differ from the temperature and pressure of the constructed perfect ice VII crystal model at its ambient temperature and pressure, it can be well expected that the RDF's would not show a close match. The slight shoulder inflammation (portion zoomed in Fig. 5(b) ) definitively suggests formation of interpenetrated bcc lattice structure of oxygen sites (a characteristic observed in ice VII and ice VIII). In fact this "shoulder region" (or sometimes a "kink region") is a typical characteristic of bcc type crystal structure which is formed as the second coordination shell peak coalesce with the first coordination shell peak. In this regard, it should be noted that motif of formation of ice VII (by visualizing the eight nearest neighbour molecules for each water molecule in a body-centered-cubic configuration) was demonstrated in earlier study 26 in which non-equilibrium molecular dynamics simulations were done in pico-second range.
The interpenetrated simple-cubic lattices are inter-connected in case of ice VIII, but in ice VII, those sub-lattices are unconnected. Fig. 5(a) shows the RDF of hydrogen-hydrogen atoms for shock velocity of 4 km/s. Absence of any major or minor peak depicts the proton disorderedness of the nucleated ice structure. Proton disorder typically means random orientation of the hydrogen atoms which is depicted in the inset of the figure. The red particles indicates oxygen whereas the white particles are the hydrogen atoms. This substantial amount of proton disorderedness occurs due to the residual entropy of the shock compressed water and by virtue of the lower mass and much higher kinetic energy of hydrogen atoms. Typically in an ice VII structure, two simple cubic (sc) lattices are interpenetrated, but unconnected to form a bcc lattice where the corner site of one of the sc lattice serves as the centre of an unit bcc lattice. The distance between the first peak and the second minor peak (shoulder inflammation) of the radial distribution function of O-O atoms is the interpenetration distance of the cubic lattices to form the bcc lattice. It can be observed from simulation study that maximum interpenetration distance is around 0.332 Å for 4.0 km/s shock speed in comparison to 0.392 Å interpenetration distance observed for ice VII at ambient temperature from perfect ice VII model using the SPC/E/z force potential for water.
For shock velocity of 4 km/s, the first peak position (along the x-axis at around 2.74 Å), corresponding to the first coordination shell (representing the lattice vector), shows very close agreement with the calculated RDF of oxygen-oxygen of perfect ice VII. This close match of the peak position suggests that hydrogen bonds are still preserved at shock conditions thereby maintaining short range ordering. Apart from first coordination shell peak, no peaks are observed at 0 ns thereby representing absence of any coordination of the molecule. With time evolution for the shocked sample, other peaks starts forming thereby representing increase in coordination of the molecule. It should be noted that a distinctive "shoulder region" is formed for perfect ice VII crystal at 300 K and 10 GPa pressure. However this "shoulder region," even though observed for the shocked sample at other time instants (such as 1, 15, and 100 ns) is not that distinct. The reason for this is thermal broadening of the curves associated with increase in temperature of the system (approximately around 500-600 K obtained from shock study in comparison to ambient temperature of 300 K; whereas the pressure is lower by around 3.75 GPa from the pressure of 10 GPa at which ideal ice VII crystal was modeled). Even though the position of the first coordination shell is almost unchanged for shock induced phase transitions, but the second next nearest neighbour distance increase significantly. Similar observations have been made by earlier research works. 58, 59 This shift of second, third, and fourth peak positions (located at 4.89 Å, 5.48 Å, and 7.20 Å along the range of O-O RDF curve) of the obtained RDF of shocked water supports the fact of thermal broadening in the shocked sample. The tendency of splitting of those peaks at time scale of 100 ns is observed which hints that percentage of transformation to ice VII in shocked liquid water may increase as the shock front moves. So future study should be made to investigate the phenomena for micro-second time scale. It should be noted that the position obtained from the shock simulation study closely matches the position of the minima as obtained for ice VII at ambient temperature and pressure of 10 GPa. It should be noted that the RDF presented above was obtained using the SPC/E/z force potential for water which claims to give better correlation with experimental observations specially at high temperatures and pressures.
In this manuscript, studies were also carried out using the TIP4P/2005f potential and similar behavioural observations could be obtained at 4 km/s shock speed. Fig. 6 shows RDF plots of pure ice VII at 10 GPa and 300 K and ice VII obtained from simulation for different shock speeds at 20 ns. Interestingly, even though there exists significant differences in the two force potentials used in this manuscript along with its associated phase diagrams, phase transition characterized by "shoulder inflammation region" could be obtained at 4 km/s shock speed corresponding to 5.09 GPa of pressure and temperature of 443.46 K using TIP4P/2005f potential. Changes in the RDF with regards to formation of peaks at higher pair distances could be observed for 3 km/s and 5 km/s shock speeds; however, formation of "shoulder region" is unclear for these two velocities. 
D. Spectral analysis
The vibrational spectrum envelope is calculated by a Fourier transform of the velocity autocorrelation function. Typically the vibrational spectra of bulk water displays three characteristic bands -stretching of OH bond, bending of HOH bond and librational (rotational around different axis) motion of water molecules.
Since it has been reported in the previous literature that librational and bending motions are not predominantly affected in the process of phase transition from liquid water to ice VII; 51 vibrational spectra of OH stretching mode of shocked water are determined in this manuscript (refer Fig. 7) for the entire range of shock intensities to explore the combined effect of temperature and pressure on the dynamics of the water molecules (by relative absorbance). The OH vibrational spectra of shock compressed water using TIP4P/2005f model are presented in Fig. 7(b) . Thermal Doppler broadening is observed for the peaks along with decrease in consecutive intensity as the shock velocities are increased. A blue shift in peak frequencies could be observed as the shock velocity is increased from 2.5 to 3.5 km/s (3379.6 cm −1 to 3457.3 cm −1 ) whereas a red shift could be observed for shock velocity of 4 km/s (3452.4 cm −1 ). Similar shifts in peak frequencies are observed using the SPC/E/z model for water in Fig. 7 (a)-for 2.5-3.5 km/s blue shift in frequencies can be observed from 3425 to 3439 cm −1 which can be attributed primarily due to thermal agitation and not due to pressure followed by red shift in frequencies from 3439 to 3423 cm −1 at 4 and 4.5 km/s shock speed. Although the temperature is high enough, i.e., 556.25 K and 637.5 K in case of the solid phases (corresponding to shock velocities 4 and 4.5 km/s, respectively) but the pressure in those states, i.e., 6.25 GPa and 8.65 GPa are enough to negate the temperature effect by setting up the thermodynamically stable atomic configuration eventually preventing thermal broadening. The relatively narrow spectra at 8.65 GPa in comparison to 6.25 GPa can be explained by the effect of temperature which rises by about 81.25 K. One major difference between the spectral observations of the two potentials is the presence of peak splitting (identified as A 1g and B 1g ) when using SPC/E/z potential compared to no such distinction when using TIP4P/2005f potential. Typical Raman scattering experiments of liquid water at ambient temperature and pressure do not show presence of peak splitting 60 whereas peak splitting could be observed for water at high pressure and temperature. 51 The peak splitting can be simulated by use of computationally inexpensive harmonic functions (as used in SPC/E/z) for the OH bond stretching flexibility 31 whereas anharmonic functions (as used in TIP4P/2005f) do not result in peak splitting. Using SPC/E/z potential at 2.5 km/s shock velocity, the anti-symmetric stretch (B 1g ) is observed to be dominant (showing higher peak values) in comparison to the symmetric stretch (A 1g ) thereby demonstrating existence of liquid water phase; whereas A 1g peak shows higher peak value at shock velocities of 4 and 4.5 km/s demonstrating presence of solid ice VII phase. 51
E. Static structure factor and Bragg reflection intensity
In this subsection, extended RDF between oxygen oxygen sites for 20 Å along with the calculated static structure factor, S(q) are illustrated to obtain more intuitive information regarding the long range ordering of large scale molecular arrangements. Percentage of crystallinity based on progression of Bragg reflection intensity was also investigated in this subsection.
Pair distribution functions were calculated for an extended inter-atomic potential cutoff distance of 20 Å for simulations using SPC/E/z potential for water. Fig. 8 shows long range ordering patterns for instantaneous oxygen-oxygen RDF's at different time frame for a shock speed of 4 km/s. The first curve, (a) shows the extended O-O RDF for initial liquid water at ambient temperature and pressure before shock loading with the density of 0.998 gm/cc. The curve at (b) shows a step prior to the onset of nucleation of the solid ice VII phase. The curve at (c) shows the step at onset of nucleation whereas curves (d) and (e) shows some intermediate steps in the simulation. Curve at (f) demonstrates the pattern at end of simulation or 100 ns. No significant alteration in pattern of the peaks in the figures could be observed between figures (c)-(f) which suggests that the phase transformation is homogeneous in nature (at least upto the period of study of FIG. 8. Extended radial distribution function of oxygen atoms at different time instances for the shock velocity of 4 km/s. All the RDFs were obtained from the instantaneous trajectory of the system (no time averaging has been done).
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FIG. 9. Comparison between static structure factor of oxygen-oxygen for shock velocity of 4.0 km/s (T = 552 K and P = 6.5 GPa) and that of ideal unit cell of ice VII (T = 300 K and P = 10 GPa).
100 ns). A closer observation would reveal that in between (c) and (f), there is an improvement in the local molecular packing by a continuous change in the sharpness and intensity of the peaks and troughs towards the ideal ice VII structure. It should be mentioned in here that the peaks that arose beyond 10 Å (sharp peaks at 12.30, 14.63, 16.67, 17.49 followed by two minor peaks at 18.47 and 19.34) during the phase of nucleation and after its completion exhibits a clear case of long range correlation of the O-O atoms in the nucleated ice VII. Static structure factor or atomic structure factor was evaluated for the shock induced structure and as well as for the perfect ice VII structure using the SPC/E/z potential for water. As in case of water in extreme condition, within the momentum space (q space), the O-H and H-H partial structure factors are very small, accounting for only 5% of the total X-ray scattering intensity. Thereby only oxygen-oxygen atoms are considered in the following structure factor calculations in this manuscript. At temperature of 300 K and pressure 10 GPa, the evaluated S(q) of perfect ice VII crystal shows four primary peaks for wave vectors(q) of 27.51, 40.63, 48.98, and 57.69 nm −1 . Those peaks were characterized by comparing with the previous X-ray diffraction data 61 and can be assigned for the crystal planes of (110), (200), (211), and (220). In case of shock loading at a speed of 4.0 km/s, temperature was quite higher than 300 K, so it is expected that at that elevated temperature the diffraction pattern from different crystal plans would be poorly identified; in spite of that those four identified primary peaks of ice VII were present for the shock induced structure, although the peaks were less intense and were broadened (Fig. 9 ).
The temporal change in crystallinity of the sample upto 100 ns time scale was monitored by following the progression of the intensity of the Bragg reflection from the hkl planes of the crystal structure (similar to a study 62 ). Only oxygen atoms were considered for the structure factor calculation and atomic scattering factor for oxygen was set to 1. 62 The most intense line corresponding to (110) plane was only considered for the determination of crystallinity of the sample in Table II (which also contains data of ice VII at 300 K and 10 GPa pressure for comparison). 
